Johnson Creek, in the Portland, Oregon metropolitan region, has several pollutants on the U.S.
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INTRODUCTION
A watershed is an area of land where all precipitation which falls within its boundaries eventually drains to one common location such as a stream, creek, or river, and ultimately outfalls to a lake, sea, or ocean. Before reaching the watershed outlet, several physical processes partition water into different flow pathways such as surface runoff, interflow, and groundwater flow. Vegetation creates abstractions by intercepting precipitation before it falls to the ground.
This increases the precipitation's travel time through the watershed or removes it from the watershed through evaporation.
Once precipitation reaches the ground, it takes one of several pathways through the physical landscape. In natural basins, much of the precipitation infiltrates into the ground and is either absorbed by vegetation and released back into the air (transpiration), flows through shallow subsurface pathways towards a water body (interflow), or infiltrates deeper to recharge aquifers (groundwater). Runoff occurs in natural basins when the underlying soil is fully saturated or has surpassed its infiltration capacity. In urbanized basins, a significant portion of precipitation falls onto hard surfaces such as pavement or concrete, and immediately runs off onto adjacent vegetated areas, directly into adjacent receiving waters, or into stormwater conveyance systems to be treated or routed to nearby receiving waters.
Scientists and engineers attempt to model these physical hydrologic processes (e.g. infiltration, evaporation, and runoff) through empirical and theoretical relationships or equations.
Measureable data such as solar radiation, precipitation depth, and air temperature are used as inputs to these equations. Degraded water quality adversely effects fish populations and can pose a human health risk.
Section 319 Grant
The funding source for this study was an EPA 
Scope
The Johnson Creek Hydrology Study has three components including the installation of streamflow monitoring equipment, a volunteer monitoring program, and hydrologic modeling.
The following section briefly outlines the scope of the Johnson Creek Hydrology Study and the components therein.
Monitoring Equipment
Pressure transducers 
Volunteer Monitoring
As discussed above, volunteers were needed to take staff gage readings as well as conduct flow measurements. During the 2013 calendar year, several volunteers, including the author, from the City of Portland, the USGS, Portland State University, and local residents traveled to each staff gage site and took readings. Stage data from the gages was collected at least weekly. At one location, on Badger Creek, data was collected more frequently thanks to a local resident who checked the staff gage regularly on her way home from work.
Data Processing
Staff gage and pressure transducer data sets were processed by Adam Stonewall, Hydrologist with the USGS. A rating curve and a subsequent streamflow time series was produced for the Sunshine Creek gage location. This time series was then used as the measured streamflow to compare with model output from PRMS.
Hydrologic Modeling
To better understand the hydrologic response to precipitation events in the subject subwatersheds, a hydrologic model was proposed. Given the short period of record available 
HYDROLOGIC MODEL OF JOHNSON CREEK SUBWATERSHEDS
Hydrologic modeling is widely used as a tool to predict streamflow, groundwater levels, water supply, and flooding risk by simulating hydrologic processes in a given drainage basin. Two main classes of hydrologic models exist: deterministic and stochastic. A deterministic model has a set processing algorithm that produces one result or set of results for one given input or set of inputs. A stochastic model contains one or more random elements and is used to simulate processes wherein the input to output relationship is stochastically or randomly determined. A deterministic model contains no stochastic elements and is used to simulate processes wherein the input variables have a direct (e.g. linear, power, log, etc.) relationship with the output variables.
Precipitation Runoff Modeling System
Conceptual Model
The PRMS was selected as the hydrologic modeling system for this study. PRMS was developed in 1983 by Leavesley et al. at the USGS Colorado Water Resources Center in Denver, Colorado.
The runoff model is part of the Module Modeling System (MMS), a framework of applications for simulating streamflow. The MMS was not fully implemented in this study due to the incompatibility of some MMS software with current operating systems.
PRMS is a deterministic, physical-process modeling system (Leavesley et al., 1983) and is used to simulate streamflow in both urban and rural watersheds. The model uses computational modules representing hydrologic system components and is defined by one or more system of equations. Figure 4 shows compartments and modules represented in PRMS, as well as common data inputs (i.e. solar radiation, precipitation, and air temperature) PRMS relies on user input of to generate streamflow output. For this study HRUs were delineated based on three watershed characteristics: soil type, cover type, and slope. Unlike Figure 5 , HRUs in this study consist of several non-contiguous parcels of land. Each are homogeneous with respect to all three characteristics, but are spread throughout the basin. For example, two sections of forested areas one mile apart share the same soil type and slope, these two homogenous sections are assigned to the same HRU. Limitations to this approach are discussed in Section 5 of this report.
Physics Based Modules
To characterize the hydrologic components as accurately as possible each module reflects a physical process which is governed by physics-or empirical-based equations. Each module allocates water distribution according to its set of equation, or -subroutine‖. (Leavesley et al., 1983 ) This section will overview some of the key equations PRMS uses within modules to route flows. Intercepted rain is assumed to evaporate at a rate governed by the potential evapotranspiration.
Evapotranspiration
Evapotranspiration is the summation of evaporation and transpiration, or the vaporization of soil moisture by vegetation. Three methods available in the potential evapotranspiration subroutine are described below. The first method available is an equation based off of pan-evaporation data. The third method available is a set of equations also based on daily mean temperature. 
PET = EPAN * EVC
Experimental Methods
Data Collection
Several data sets were used as either time series input for HRU delineation and parameterization.
This section outlines the source of each data set as well as the data obtained or collected if readily available.
Soil
Soil data for the study was obtained through the NRCS online Web Soil Survey (websoilsurvey.nrcs.usda.gov). An area covering the extent of the Johnson Creek Watershed was downloaded on 4/25/2013. The data was then clipped to the subwatersheds of focus.
Cover
Cover data was provided by the City of Portland Bureau of Environmental Services (BES) and complied by the Intertwine. The data set characterized type of cover in the Portland Metro area as of 2010 and included three levels of discretization. For the purpose of this exercise, the least resolute scale was used. PRMS further bins the data into only five groups.
Slope
Slope data was derived from Digital Elevation Model (DEM) produced from City of Portland LiDAR data. The Slope geoprocessing tool in ArcMap was applied to the DEM and calculated percent slope. Further discussion on processing elevation data is included in Section 2.2.2.
Precipitation
A precipitation time series is required as an input to the PRMS model. Water is then routed to through each PRMS module as appropriate given modeling parameters. (See Figure 4) The USGS maintains a City of Portland rain gage network called the Hydra Network. Follow the following link for a map of all rain gages included in the Hydra Network:
(http://or.water.usgs.gov/non-usgs/bes/raingage_info/clickmap.html) Figure 6 shows the location of the two gages closest to the SCS and JCUW. While the Cottrell School rain gage is located within the boundaries, due to the average distance from the centroid of both basins, the Gresham Fire Department Rain Gage was chosen as the primary gage for this study. The daily total was extracted from the gage data file for the period of record, dating back to June 1998. 
GIS Geoprocessing
Several geoprocessing tools within the geographic information system (GIS), ESRI ArcMap, were used to delineate, characterize, and parameterize each Hydraulic Response Unit (HRU).
Each data set, received in a variety of formats, was converted to ArcMap feature class (i.e. polygon). The resulting polygon layers were then merged to create individual parcels of land with homogeneous attributes with respect to the three characterizing parameters (slope, soil, and cover) Figure 7 below shows the process through which data was taken from raw data to parameterized HRUs.
Figure 7: Processes used to parameterize and delineate hydraulic response units
Custom scripts written in the programming language Python were used to assign each data point a PRMS value. The PRMS parameter names and available classifications are as follows:
hru_slope (actual value), cover_typ (0 = bare soil; 1 = grasses; 2 = shrubs; 3 = trees; 4 = coniferous), soil_type (1 = sand; 2 = loam; 3 = clay). Due to the resolution differences in the data sources and the PRMS HRU input format each data set was reclassified to match the PRMS parameter resolution. Table 2 shows the reclassification assignments for each data set. 
Running PRMS
PRMS can be run with or without a graphic user interface (GUI). Advantages of the GUI are the ability to change the input files and model-run start and end times without having to edit the individual control files with a text editor. See Figure 8 for the Single Run GUI. Another advantage is the inclusion of run-time graphs that plot variable values. PRMS will output a spreadsheet with all simulated and input variables available for the user to analyze and plot, however it will also produce plots while running the model. 
LUCA
Data used for calibration was obtained from the USGS National Water Information System website (http://waterdata.usgs.gov/nwis). As discussed earlier, the Regner Road stream gage in Gresham, Oregon was selected because the length of available data. The period of record dates back to 1998 and contains average daily flow and water temperature measurements.
A multiple objective, step-wise calibration system, able to adjust multiple parameters simultaneously, was used to calibrate PRMS for the Johnson Creek Subwatershed model. The model was calibrated using a different set of parameters for each step. Parameters and objective functions selected were based on discussions with John Risley, Hydrologic Modeler with USGS, as well as previous research conducted by (Hay and Umemoto, 2006) , (Moriasi et al., 2007) , and (Hay et al., 2006) .
Calibration steps included: 1) Water Balance, using objective functions for monthly mean, mean monthly, and annual mean flows; 2) Daily Timing of Flow, using objective functions for daily and monthly mean flows; 3) Daily Timing of Low Flows, using objective functions for daily and monthly mean flows; 4) Daily Timing of High Flows, also using objective functions for daily and monthly mean flows. For steps 2-4 the daily flow objective function was given more weight than the monthly mean. Each set of four steps was repeated six rounds. Linear Coef. to route water from the gravity reservoir to the GWR ssr2gw_exp 0 3
Exponent Coef. to route water from the gravity reservoir to the GWR Each objective function was evaluated using a Shuffle Complex Evolution global optimization algorithm (SCE). Developed by Duan et al. (1992) , the algorithm addresses the issues inherent to optimization when several local minima or maxima exist in the parameter space. Figure 10 below, reproduced from (Hay and Umemoto, 2006) , illustrates the SCE procedures used. While LUCA is a powerful tool aiding in the calibration process, it does have limitations. HRU specific parameters, as well as soil zone and groundwater reservoir parameters, are dimensioned by the number of HRUs. LUCA cautioned against calibrating individual parameter values for each HRU. Instead one parameter is averaged across all HRUs, and that mean value is adjusted for calibration.
Manual Calibration
Due to limitations of LUCA, manual calibration techniques were also necessary. Several parameters were estimated based on other physical characteristics of the subwatersheds. For example, carea_max, used in the runoff module, is the maximum possible area contributing to surface runoff. Similar to the Curve Number used in the Rational Method, the maximum contributing area is the surface area that is capable of routing precipitation to runoff. The Curve Number based on land use type was used as a surrogate for estimating this value. When selecting a Curve number, a quality of -fair‖ was used, and the hydrologic soil group (A, B, C, and D) was selected based off of the soil types sand, loam, and clay.
Objective Function Values
Objective function values were calculated for each calibration round discussed above. Significant changes in objective function values and the description for each calibration procedure can be found in Table 4 below. The final parameter configuration conveyed in this report uses the final calibration method because it provides the lowest PBIAS value and while other objective function values remain relatively unchanged from previous methods in the calibration process. 
RESULTS
Results from this study include time series plots of observed versus simulated streamflow for both the Johnson Creek Upper Watershed gaged at Regner Road and the Sunshine Creek Subwatershed. Objective function values for each basin are also reported. Figure 11 shows the simulated streamflow time series output from PRMS versus the observed streamflow measured at the Regner Road gage. This plot shows that PRMS is matching the timing of the peaks but is not matching the intensity for the higher peaks. To visualize how well PRMS is simulating streamflow, Figure 12 shows the same output for a shorter time window.
Regner Road Gage
The same trend can be seen looking at only one year of the simulation period. The model fails to 
Error Analysis
All precipitation-runoff models contain errors (Risley, 1994) . Typical hydrological errors include inadequate input data, inadequate physical processes algorithms, and inadequate parameter estimation (Troutman, 1985) . These three error sources can be categorized as data error, model error, and parameter error and are explained below.
Data Error
Input data to the PRMS include precipitation, temperature, streamflow, and basin physical characteristics. Each data source has measurement error associated with the data collection methods. Due to the lack of rain gage density in the JCUW, rainfall data from one or two rain gages must be used to characterize the rainfall distribution of the entire basin. If the average elevation of the modeled watershed is higher than the rain gage used, an underestimation of basin rainfall is possible (Risely, 1994) . Depending on how protected from the wind a rain gage is, error can range from a few percent up to 20 percent (Larson and Peck, 1974) .
Temperature is another potential source of data error. Maximum and minimum temperature values used were collected at the Portland International Airport (PDX), located approximately 18 miles from the JCUW. Columbia River, located adjacent to the airport, may have a muting influence on high and low temperatures.
Model Error
Model errors arise when the hydrologic model has inadequate subroutines with respect to modeling physical processes in a basin. Empirical equations are not a perfect representation of a physical process, and often contain a error. When combining multiple empirical relationships throughout a model, these errors compound and produce overall model error. While some models minimize this source of error, all hydrologic model contain error.
-Accurately ascertaining what part of simulation error can be attributed to model weakness rather than to input data or parameter estimation is difficult, if not impossible. … some PRMS algorithms, such as subsurface flow and evapotranspiration, might require improvement in future applications for forests of the Pacific Northwest‖ (Risley, 1994) 
Parameter Error
Parameter error occurs when unsuitable parameter values are chosen for a basin. Due to cost restraints, it is not feasible to directly measure every input parameter in a basin. Therefore parameters must be estimated utilizing knowledge of the region, using surrogate parameters and The outcome was successful within the bounds of assumed cumulative error (i.e. data error, model error, and parameter).
SUMMARY AND CONCLUSIONS
The primary limitation of this process is spatial scale disparity between the two subwatersheds, which translates into parameter error for the SCS. The JCUW is a factor of 3 larger than the SCS.
The spatial difference directly translates into a temporal difference as well. Travel time for water to reach the stream gage is likely significantly less in the smaller subwatershed. While attempts to minimize limitations and error were made, the results of this study and future results using the procedure applied should be taken only as supplemental information until further research is made into the scientific validity of the methods involved.
RECOMMENDATIONS
The purpose of this section is to highlight possible improvements to the Johnson Creek Subwatershed PRMS model.
Underlying Geology
Soil data was incorporated into the model by categorizing the drainage characteristics into three soil groups: clay, loam, and sand. However, this classification only accounts for the surficial soil and the interflow contribution to streamflow. Variations in underlying geology affect groundwater flow rate. Groundwater accounts for a significant component of stream baseflow.
The model may be improved by adjusting the subsurface transport coefficients to better reflect the physical characteristics of groundwater reservoirs.
Precipitation Gage Spatial Averaging
The current PRMS model developed for this study uses precipitation data from the Gresham Fire Station Rain Gage located at 1333 NW Eastman Pkwy, Gresham, Oregon. This gage provides a representative rainfall distribution to the area surrounding the Regner Stream Gage. However, the precipitation contributing to the headwaters of Johnson Creek, near Damascus, Oregon and Boring, Oregon, is likely better categorized by the Cottrell School Rain Gage located at 36225 SE Proctor Rd, Boring, Oregon (See Figure 6 ). Spatial averaging techniques described by Larson and Peck (1974) could be applied to the time series generated by each gage to better represent rainfall distribution in the subwatersheds.
Groundwater Simulation
PRMS can be coupled with a three-dimensional finite-difference groundwater modeling system named MODFOLW. The coupled model is named Groundwater Surface-water FLOW (GSFLOW). The surface runoff model developed for this study would stand to benefit from a higher resolution groundwater model. PRMS provides groundwater routing capabilities, however, they are limited due to the temporal-scale differences in surface runoff and groundwater flow. Subsurface routing occurs on the order of weeks to months, and surface runoff occurs on the order of hours to days. This temporal difference is accounted for in GSFLOW and may yield more accurate results than PRMS alone. Figure 16 shows a schematic flow exchange between PRMS and MODFLOW. 
